Biotrophic plant pathogenic fungi are one of the major causes of crop losses. The infection processes they exhibit are typified by infected host plant cells remaining alive for several days. This requires the development of specialized infection structures such as haustoria which are produced by obligate biotrophs, and intracellular hyphae which are produced by many hemibiotrophs. These infection hyphae are surrounded by the host plant plasma membrane, and in the case of haustoria the extrahaustorial membrane differs biochemically and structurally from the normal membrane. An interfacial matrix separates haustoria and intracellular hyphae from the invaginated membrane and this seems to be characteristic of biotrophic interactions. There is clear evidence for molecular differentiation of the haustorial plasma membrane in powdery mildews and rusts in comparison with the other fungal membranes. Relatively few pathogenicity genes related to biotrophy, and the switch from biotrophy to necrotrophy in hemibiotrophs, have been identified.
INTRODUCTION
Biotrophic plant pathogenic fungi typically infect host plants without causing cell death for several days. The infection process often involves the formation of specialized feeding structures (e.g. haustoria) that develop in infected plant cells (Green et al. , 1995; Heath and Skalamera, 1997) . This review will initially consider general aspects of different types of biotrophy, followed by a consideration of the specialized biotrophic infection structures produced by different plant pathogenic fungi. The review will also consider recent molecular advances in the study of biotrophic fungi and will summarize the major findings to date.
There are several different groups of biotrophic fungi and a selection of their characteristics are listed in Table 1 . The obligate biotrophs, such as the powdery mildews, the downy mildews and the rusts (dikaryotic stage), cannot be extensively cultured in vitro (although rusts can be grown to a limited extent axenically) and form specialized haustoria within host plant cells (Fig. 1A; Heath and Skalamera, 1997; Manners and Gay, 1983) . Another group of fungi which form intracellular haustoria-like structures, called arbuscules, are the vesicular-arbuscular mycorrhizae (endomycorrhizae). These are non-pathogenic and form mutualistic symbioses with the roots of many plant species, as such these will not be considered further in this review (Bonfante-Fasolo and GianinazziPearson, 1982) . The facultative biotrophs, e.g. the smut fungus Ustilago maydis , can survive saprophytically but require the successful biotrophic infection of plants for the completion of their life cycles. A fourth group of pathogenic fungi exhibiting a biotrophic phase are the hemibiotrophs. The infection strategies of this group of fungi are characterized by an initial period of biotrophy followed by the development of secondary necrotrophic hyphae which ramify through host tissues killing in advance of their spread (e.g. some Colletotrichum species (Fig. 1B) ; Bailey et al. , 1992) . Hemibiotrophs can generally be cultured axenically; however, they often develop specialized biotrophic infection structures (e.g. intracellular hyphae) within infected plant cells. Several fungi, e.g. Cladosporium fulvum ( De Wit, 1977) , Septoria tritici (Duncan & Howard, 2000) and Pyrenopeziza brassicae (Ashby, 1997) , which are also often considered as hemibiotrophs, penetrate the leaf cuticle then spread via intercellular hyphae within the cell walls of the host asymptomatically, before a destructive necrotrophic phase during which symptoms develop.
within the plant cell following penetration of the cell wall, and become surrounded by an invaginated plant plasma membrane (Heath et al. , 1992; Mendgen and Deising, 1993; O'Connell, 1987) . Haustoria are determinate branches of intercellular, intracellular or epicuticular hyphae (in the case of powdery mildews), that terminate within a host cell and that are generally characteristic of long-term obligate biotrophic relationships between fungi and plants ( Fig. 1A ; Bushnell, 1984; Chong et al. , 1981; Green et al. , 1992) . In contrast, many intracellular hyphae are able to grow from cell to cell but still possess several functional and structural similarities to haustoria (Fig. 1B ), these will be discussed in the following sections.
The literal meaning of the term haustorium is 'drawer of water' (Manners and Gay, 1983) . This gives us an idea of the presumed function of this structure, which is thought to be water and nutrient acquisition. Haustoria were first described by Visiani in 1851, in grape mildew infections. Several major groups of plant pathogens form haustoria, including: (i) the downy mildews (Oomycetes), e.g. Bremia lactucae , which forms haustoria as it infects Lactuca sativa (Woods et al. , 1988) ; (ii) the powdery mildews (Ascomycetes), which produce haustoria in host epidermal cells, for example Blumeria graminis (ex. Erysiphe graminis ) f. sp. hordei on barley and Erysiphe pisi on Pisum sativum (Agrios, 1997; Green et al. , 1992; ; (iii) the rusts (Basidiomycetes), for example Puccinia poarum on Tussilago farfara and Uromyces fabae on Viciae fabae , generally produce haustoria in host mesophyll cells Mendgen and Deising, 1993) . It is common for some fungi which ultimately produce haustoria to develop initially via intercellular hyphae. This is particularly prevalent in infections by oomycetes such as Phytophthora infestans , Bremia lactucae and Albugo candida (Coffey and Gees, 1991; Coffey and Wilson, 1983; Woods and Gay, 1983; Woods et al. , 1988) . Other examples include the dikaryotic phase of rust fungi, which also develop in this way (Littlefield and Heath, 1979) . Furthermore, the case of rusts is not as simple as that of the other groups, since there are two forms of rust which are able to infect plants, monokaryotic and dikaryotic (Heath and Skalamera, 1997) . There are many examples of both forms producing haustoria in their infection processes. However, the infection strategies of the monokaryotic rusts are in general simpler than those of the dikaryotic rusts and their haustorial structure reflects this (Gold and Mendgen, 1983; Heath, 1995; Mendgen and Deising, 1993) . In certain cases the haustoria produced by monokaryotic rusts are nondeterminate, where they are more like intracellular hyphae (Gold and Mendgen, 1983; Heath, 1995) .
Intracellular hyphae tend to be less specialized infection structures than haustoria and in many cases they are not determinate and can spread from cell to cell, maintaining a biotrophic interaction in newly infected cells. The intracellular hyphae formed in hemibiotrophic interactions, such as the Colletotrichum lindemuthianum -bean interaction, develop secondary necrotrophic hyphae in the later stages of infection which spread through host tissues killing in advance of the mycelium (Bailey et al. , 1992; Perfect et al. , 1999) . Within the genus Colletotrichum there are two forms of hemibiotrophy: in the first, biotrophy can be reestablished in several host cells by a spreading intracellular primary mycelium (e.g. C. lindemuthianum , C. orbiculare ). In the second, both the biotrophic phase and primary mycelium are confined to one host cell (e.g. C. destructivum , Fig. 1B ). In both types, secondary necrotrophic hyphae subsequently invade large amounts of host tissue. Other plant-fungal interactions in which intracellular hyphae are formed include those between Gibberidea heliopsidis and Helianthus strumosus L. (Mason, 1973) , Magnaporthe grisea and Oryza sativa (Mendgen and Deising, 1993) and Magnaporthe grisea and weeping lovegrass (Heath et al. , 1992) .
In addition to the acquisition of water and host nutrients, haustoria and intracellular hyphae (Manners and Gay, 1983; Mendgen et al. , 1988; Smith, 1989, 1990) , have been implicated in signalling, communication and avoidance of recognition by the host (Heath, 1995; Mendgen et al. , 1988; Spencer-Phillips, 1997) . Intercellular hyphae have also been shown to form an important route for nutrient acquisition in certain fungi and some authors have even suggested that intercellular hyphae may be advantageous over haustoria in certain interactions (Spencer-Phillips, 1997). The nutrients present in the plant apoplast are sufficient to support the growth of the intercellular hyphae of rust, downy mildews, C. fulvum and S. tritici ; thus, although it can generally be stated that one of the major roles of infection hyphae (i.e. haustoria and intracellular hyphae) is the acquisition of host nutrients, the dependence of the fungus on these structures may differ from interaction to interaction (Spencer-Phillips, 1997). The main advantages of intracellular infection hyphae over intercellular hyphae is that they provide (2) In the later stages of infection secondary necrotrophic hyphae (SH) are formed which spread to surrounding host cells causing disintegration of the plant plasma membrane and cell death. C. lindemuthianum has a similar infection strategy, but the intracellular hyphae are able to spread from epidermal cell to epidermal cell and re-establish a biotrophic relationship with each colonized cell.
access to intracellular pools of solutes, thus enabling exploitation of nutrients not available in the apoplast. In addition, full access to large amounts of host nutrients at times of maximum demand, such as sporulation, is conferred (Spencer-Phillips, 1997). The best evidence of the role of haustoria in nutrient uptake comes from work on powdery mildews, as the haustoria are the only fungal structures within the host tissue. Feeding experiments with radiolabelled sugars indicate that glucose, rather than sucrose as was originally thought (Manners and Gay, 1983) , is the main carbohydrate obtained from epidermal cells (Hall and Williams, 2000) .
In general, the structure of haustoria and their interfaces with the plant are more specialized than those of intracellular hyphae, probably reflecting the adaptations required for prolonged association with host tissues (Spencer-Phillips, 1997). These features are described in greater detail in the following sections with reference to haustorial interactions and the interaction between C. lindemuthianum and bean.
DIFFERENTIATION OF BIOTROPHIC INFECTION HYPHAE
The fungal components of a haustorium comprise the haustorial wall, the haustorial plasma membrane and the haustorial cytoplasm. Evidence from immunological and molecular approaches has shown that the walls and plasma membranes of haustoria are different to those of other fungal structures. For example, monoclonal antibodies raised against haustoria purified from flax leaves infected with the rust fungus Melampsora lini , have identified three carbohydrate epitopes specific to the cell walls of haustoria (Murdoch et al. , 1998) . Similar approaches have identified glycoproteins specific to the haustorial plasma membranes of the pea powdery mildew fungus E. pisi (Mackie et al. , 1993) . Further evidence for specialization of the haustorial plasma membrane comes from differential screening of cDNA libraries prepared from purified haustoria of the rust fungus Uromyces fabae. This led to the identification of a large number of in planta induced genes from the fungus . One of these genes encoded a putative amino acid transporter (AAT2p) that was localized to the haustorial plasma membrane . A fungal plasma membrane H + ATPase has also been cloned from U. fabae (Struck et al. , 1998) which is highly expressed in haustoria. Two of the most highly expressed genes in the cytoplasm of U. fabae haustoria were homologues of genes involved in vitamin B1 synthesis (Sohn et al ., 2000) . This is a co-factor of several important enzymes involved in primary carbohydrate and amino acid metabolism and various biosynthetic pathways. Taken together, the work on this rust fungus suggests that the haustorium is highly metabolically active and has an important role in nutrient uptake, and models for these functions have been proposed .
EXTRACELLULAR MATRICES SURROUNDING HAUSTORIA AND INTRACELLULAR HYPHAE
Interfacial matrices which separate the fungal cell wall from the invaginated plant plasma membrane form a major component of plant-fungal interfaces. They have been observed in virtually all interactions involving haustoria, where they are termed extrahaustorial matrices (EHMAT), and in a subset of interactions involving intracellular hyphae where they shall be referred to as interfacial extracellular matrices (IFM). The exact nature of these matrices is dependent on the specific organisms involved. However, the generally homogenous, amorphous appearance of these matrices suggests that the major components are distributed in a uniform manner (Bracker and Littlefield, 1973) . In haustoria, the matrices are usually thickest where they surround haustorial lobes, and thinnest, if present at all, in the neck region where the host plasma membrane is closely appressed to the cell wall of the penetration peg (Bracker and Littlefield, 1973) . The neck region forms a seal which means that the EHMAT is a contained unit, distinct from the plant apoplast (Bracker and Littlefield, 1973; Green et al. , 1992; Woods and Gay, 1983) .
When placed in a hypotonic solution, the EHMAT of E. pisi swells without rupture of the haustoria, suggesting it is fluid in nature (Gil and Gay, 1977) . However, although small molecules such as uranyl ions are able to pass through the EHMAT, horse radish peroxidase, a 40 kDa molecule, cannot. This suggests that the EHMAT surrounding E. pisi haustoria is gel-like, as opposed to a solution (Gay and Manners, 1987; Green et al. , 1992) . The lectin WGA (wheat germ agglutinin), which binds to N -acetyl glucosamine groups found in chitin, does not appear to bind to the EHMAT of E. pisi and there is no evidence for the presence of plant cell wall components such as cellulose, extensins and pectins (Green et al. , 1995) . This suggests that the fungus may suppress plant cell wall synthesis and/or deposition at the invaginated plant plasma membrane. The EHMATs of haustoria produced by obligate biotrophs infecting monocots, in both compatible and incompatible interactions, have been shown to contain threoninehydroxyproline-rich glycoproteins (THRGPs) (Hippe-Sanwald et al. , 1994) . These are thought to be molecules which are produced by the plant and act as a modified barrier surrounding the fungus (Hippe-Sanwald et al. , 1994) . In addition, a study of the EHMAT surrounding monokaryotic rust haustoria of Uromyces vignae observed the presence of plant hydroxyproline-rich glycoproteins (HRGPs), arabinogalactan proteins (AGPs) and callose in the EHMAT (Stark-Urnau and . Overall, these studies provide evidence that the plant contributes to the EHMAT in some obligate biotrophic interactions, but not others.
The presence of IFMs around intracellular hyphae has been confirmed in several interactions through the use of cytochemical techniques in conjunction with electron microscopy (Bailey et al. , 1992; O'Connell, 1987) . Intracellular hyphae formed in the C. lindemuthianum -bean interaction are surrounded by a fluid amorphous matrix, which is partly composed of β -linked polysaccharides and glycoproteins (O'Connell et al. , 1986; O'Connell, 1987) . It is interesting to note that the intracellular hyphae of other Colletotrichum species, which do not have a biotrophic stage, are not surrounded by an IFM (Bailey et al. , 1992) . In its place a fibrillar coat is found surrounding the infection vesicle and primary hyphae; this has been observed in interactions involving C. gloeosporioides and C. graminicola . In addition, the secondary necrotrophic hyphae formed during the later stages of infection of bean by C. lindemuthianum are not surrounded by a matrix. Thus the presence of a matrix separating the fungal cell wall from the invaginated plant plasma membrane may be correlated with the development of a biotrophic interaction (O'Connell et al. , 1985) . Further evidence for this hypothesis comes from the observation that the stunted infection vesicles produced in completely incompatible interactions between races of C. lindemuthianum and resistant cultivars of P. vulgaris , are not surrounded by an IFM (O'Connell et al. , 1985) . This correlation between biotrophic interactions and the presence of an IFM is supported by the fact that the occurrence of EHMATs surrounding haustoria, which are by nature biotrophic, is well-documented (Green et al. , 1995; Manners and Gay, 1983; Mendgen and Deising, 1993) . The biotrophic arbuscules formed by VA mycorrhizae are also surrounded by an IFM (Gianinazzi-Pearson et al. , 1984) .
The lectin WGA has been observed to label the fungal cell wall of the intracellular hypha but not the IFM of C. lindemuthianum (O'Connell and Ride, 1990 ). However, a fungal glycoprotein that is specific to the IFM formed by C. lindemuthianum has been identified using a monoclonal antibody, designated UB25 (Pain et al. , 1994) . The gene encoding the protein recognized by UB25 was cloned and is called CIH1 (Perfect et al. , 1998) . Homologues of CIH1 are expressed during the biotrophic phase of development in other hemibiotrophic Colletotrichum species, viz. C. destructivum and C. trifolii during infection of alfala, and this suggests that it is a biotrophy-related gene . Although CIH1 is a fungal gene, its predicted protein product resembles plant cell wall proteins and glycoproteins in several ways. CIH1 is proline-rich, has an N -terminal domain that contains several repetitive motifs and can also be oxidatively cross-linked by peroxidase and hydrogen peroxide. Thus, CIH1 seems to be a structural glycoprotein that may mimic and replace plant cell wall glycoproteins at the plant-fungal interface, thus contributing to the maintenance of biotrophy.
THE INVAGINATED PLANT PLASMA MEMBRANE SURROUNDING HAUSTORIA AND INTRACELLULAR HYPHAE
The invaginated plant plasma membrane surrounding the haustoria of obligate biotrophs is known as the extrahaustorial membrane (EHM), and differs from the host plasma membrane in several respects. Freeze fracture studies have shown that, in contrast to the host plant plasma membranes, the EHMs that surround haustoria formed by several dikaryotic stage rusts and powdery mildews, lack intramembrane particles and have corrugations and protuberances that increase with the age of the haustoria (Harder and Chong, 1984; Harder and Mendgen, 1982; Littlefield and Bracker, 1972) . It is thought that convolutions in invaginated membranes act to increase the surface area, and thus aid nutrient acquisition by the fungus (Manners and Gay, 1983) . In addition, the EHMs of powdery mildew haustoria often appear to be thicker than peripheral host plasma membranes, possibly due to the incorporation of extra carbohydrates (Gil and Gay, 1977) . The cytochemical stain periodic acid-chromic acidphosphotungstic acid (PACP) is a plasma membrane-specific stain which is thought to label glycolipids ( Van der Woude, 1973) . In many obligate biotrophs there is an observable difference in intense PACP staining of the plant plasma membrane compared to the weak labelling of the EHM (Coffey, 1983; Woods and Gay, 1983) and the staining properties of the membranes changed abruptly at the neckband region. EHMs also appear to lack the H + -ATPase activity that is present in the host plant plasma membrane (Baka et al., 1995; Green et al., 1992; Mendgen et al., 1988; Spencer-Phillips and Gay, 1981) . Antibody labelling of the haustoria of the pea powdery mildew fungus E. pisi shows that the EHM has some glycoproteins in common with the host plasma membrane, but lacks others (Green et al., 1995) . These structural modifications which are imposed on the invaginated plasma membrane by invading fungi are thought to be significant for nutrient uptake by the fungus (Smith and Smith, 1990; Woods et al., 1988) .
In contrast to obligate biotrophic fungi, the invaginated plasma membrane surrounding intracellular hyphae of the hemibiotrophic fungus C. lindemuthianum appears to be relatively unspecialized (O'Connell, 1987 ). It appears to be identical to the peripheral plant plasma membrane after freeze fracture and is not thickened in any way, it is stained by PACP and has H + -ATPase activity (O'Connell, 1987) . This lack of specialization may be related to the brevity of the biotrophic period in C. lindemuthianum infections (O'Connell, 1987) , i.e. the fungus can scavenge enough nutrients during this phase without alteration of the host plasma membrane. Although host cell death and senescence occur earlier in the interaction between C. lindemuthianum and P. vulgaris than in interactions involving obligate biotrophs, host defence responses are successfully suppressed in compatible interactions.
The lack of specialization of the invaginated plant plasma membrane in the C. lindemuthianum -bean interaction is correlated with the absence of neckbands around infection vesicles in the region closest to the host cell wall. Neckbands are collar-like structures formed around the point where haustoria and the host cell wall are in contact, and bind the EHM to the wall of the haustorial neck (Manners and Gay, 1983) . Many haustoria that are surrounded by a specialized EHM have neckbands which are thought to play a role in the delimitation of the EHM and the peripheral plant plasma membrane (Manners and Gay, 1983; Stumpf and Gay, 1990) . In addition, they may act as a permeability barrier, thus making the EHMAT a distinct compartment within the apoplast (Manners and Gay, 1983; Woods and Gay, 1983) . Although the presence of neckbands and a high level of specialization of the invaginated plant plasma membrane are often correlated, there are exceptions. The EHMs surrounding haustoria of Peronospora pisi and Pseudoperonospora humili are specialized, but there is no evidence to suggest the formation of annular structures (Hickey and Coffey, 1978; Pares and Greenwood, 1979) . Similarly, studies of the Bremia lactucae-Lactuca sativa interaction have shown that, although the EHM is differentiated into two distinct domains, there are no neckbands present (Woods et al., 1988 ). This appears to be characteristic of the oomycetes, yet there is evidence for the presence of neckband-like structures in one member of this group, Albugo candida, although the structure appears to differ somewhat from those of the powdery mildews and rusts (Coffey, 1983) . This evidence suggests that infection structures are uniquely differentiated in each interaction and the precise specialization which occurs is dependent on the pathogen and host involved.
PATHOGENICITY GENES RELATED TO BIOTROPHY
Although several genes have been identified which affect appressorium formation and function in plant pathogenic fungi, there are relatively few which are clear examples of genes that are related to biotrophy. CgDN3 is a gene in C. gloeosporioides that is an essential pathogenicity gene and is needed to avert an HR-like response in the host Stylosanthes guianensis (Stephenson et al., 2000) . The gene was identified in a differential screen of cDNAs expressed during nitrogen starvation in axenic culture. It encodes a putative small secreted protein which has some weak homology to an internal region of plant wall-associated receptor kinases. Mutants in the gene formed appressoria, but were unable to infect leaves, and there seemed to be a localized HR-like response. GFP-promoter fusions showed expression of the gene at an early stage after fungal penetration in structures which resemble biotrophic infection hyphae. Thus, the gene may have a role in the establishment of a compatible interaction and in maintaining biotrophy, or in suppressing host recognition and defence responses.
Random insertional mutagenesis on C. lindemuthianum led to the identification of a nonpathogenic mutant which cannot progress from biotrophy to necrotrophy (Dufresne et al., 2000) . No secondary hyphae were visible in the mutant, although biotrophic primary hyphae had developed. The nonpathogenic strain induced local necrotic reactions in susceptible cultivars of bean, similar to those resulting from an incompatible interaction. The gene identified (CLTA1) encoded a putative transcriptional activator belonging to the fungal zinc cluster (Zn[II]Cys(6) ) family and may be involved in controlling the production of fungal elicitors or in regulating the switch from biotrophy to necrotrophy.
Analysis of gene function in obligate biotrophs by transformation and gene replacement /disruption has so far not been possible, since these fungi cannot complete their life cycle without a living host. However, transient transformation of the rust fungus Puccinia graminis f.s.p. tritici was recently achieved by particle bombardment of uredospores (Schillberg et al., 2000) . Stable transformation of the barley powdery mildew fungus Blumeria graminis f. sp. hordei was also successfully accomplished by delivery of DNA using a gold-particle gun and by selection using benomyl and biaphalos (Chaure et al., 2000) . These methods should allow further progress to be made in studies on the differentiation of biotrophic infection structures.
CONCLUSION
Since the biotrophic phase of development of the fungal pathogens described above requires a living plant, this stage of the interaction with host plants remains difficult to study. This review has focused mainly on the structural components that make up the biotrophic infection structures of obligate and hemibiotrophic fungal plant pathogens. However, there is still relatively little information on: (i) the signalling pathways involved in the formation of haustoria and intracellular hyphae, (ii) the role of the fungus and the plant in the assembly of these structures, (iii) the molecular basis for their functions, and (iv) how they establish and maintain a biotrophic interaction with a compatible host. Methods for the isolation of haustoria and intracellular hyphae, the development of transformation protocols, EST analyses and genome sequencing should allow more rapid progress in research on biotrophy in the future.
